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Abstract 
This paper presents a dynamic frequency regulation strategy which uses residential thermostatically controlled 
appliances (TCA) to alleviate frequency deviations caused by high penetration of renewable energy sources in the 
power system. Heating, ventilating and air-conditioning (HVAC) load is used as an example of TCA load. With the 
control strategy, HVAC units respectively collect frequency information locally, based on which their on/off status is 
dynamically regulated. The simulation is implemented with 1000 HVAC units in a British Grid model. The results 
demonstrate that the strategy effectively alleviate the frequency deviations caused by renewable energy sources. A 
frequency response ability assessment method based on a dynamic load-sorting strategy is also presented. 
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1. Introduction 
Expanding implementation of renewable energy in the power system is promising in alleviating the 
environmental problems caused by extensive usage of fossil fuels. However, frequency instability caused 
by the intermission and uncertainty of renewable energy sources, such as wind and solar power is a major 
operation issue for their high penetration into the power grid.  
Demand Response is considered as a valuable method to balance the system power and thus restrain 
frequency instability in future grids. The development of smart grid with advanced communication and 
control tools will enable DR programs to provide ancillary services to power systems such as frequency 
regulation. Thermostatically controlled appliances (TCA) can provide large load balancing capacity and are 
controllable for the ability to change on/off status instantly. Thus, under proper control strategies, TCAs 
can be a major DR resource for frequency control. 
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Nomenclature 
Abbreviation 
DR Demand Response 
TCA Thermostatically Controlled Appliance 
HVAC Heating, Ventilating, and Air-conditioning 
Symbols 
f             Frequency 
Tset         Thermostat set-point 
T+          Temperature upper limit 
T-           Temperature lower limit 
T         Deficit between Tset and T+ (T-) 
f          Frequency deviation 
k              User comfort parameter 
P             Power consumption of a HVAC unit 
Pc            Controllable power 
Pc_max       Upper limit of Pc 
n              Total number of HVAC units 
mt             Number of controllable units at moment t 
sj              On/off status of unit j 
2. HVAC Control strategy 
2.1. Thermal behavior of HVAC units 
 
Fig. 1 Thermal behavior of an HVAC unit in winter 
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The thermal behavior of an HVAC unit is shown in Fig.1. The rising curves indicate that the heating 
system is “on”, and the falling curves represent the cooling down period, when the heating system is “off”. 
The above situation reverses during the summer months. The room temperature rises and falls according to 
the on/off status. The cycling points of the HVAC unit are shown as times t1, t2, t3, t4. The upper limit and 
lower limit are set by the thermostat set-point and are calculated as in (1). 
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The deficit between the two limits is the width of the control deadband. When a unit is on and the room 
temperature reaches the upper limit, it immediately turns off such that the temperature will be falling until 
it reaches the lower limit. Thus, we can regulate the power consumption of the HVAC units by changing 
the setpoint. 
2.2. Dynamic frequency control strategy 
Decentralized DR control methods do not require the support of control centers and communication 
networks. In addition, it can reduce cost, avoid delays in signal transmission, and fully utilize the fast-break 
feature of TCAs. The decentralized frequency regulation method presented in this paper arranges the power 
consumption of the HVAC units by changing the setpoint according to the frequency information as in (2). 
=T T k f u'
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The proposed method is illustrated as in Fig.2. 
 
Fig. 2 Dynamic frequency control method of HVACs 
Fig.2 indicates that system frequency fluctuation will lead to changes of the percentile of on units. Thus, 
aggregated power consumption of the HVAC loads rises and falls according to system frequency. 
3. Dynamic Evaluation Method 
3.1. Dynamic load-sorting method 
Assume n HVAC units with the same power are under the proposed control strategy. At every moment 
of the control process we sort HVAC units into controllable units and uncontrollable units. If a unit’s on/off 
status can be switched by the proposed control method at a certain moment, it is defined as a controllable 
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unit. On the contrary, it is considered as an uncontrollable unit. The dynamic sorting strategy is illustrated 
in Fig.3. 
+max
-min
+max
-min
 
Fig. 3 Dynamic load-sorting strategy of HVACs 
where an upward arrow means that the unit is on, downward arrows represent off units. T+max and T-min are 
limits set for T+ and T- due to user comfort. 
3.2. Dynamic evaluation method 
Assume at moment t, mt is the total number of controllable loads. Consider a controllable unit j. The 
on/off status of a unit is sj (1 represents “on” state, 0 represents “off” state). And P is the power usage of a 
unit. Define the controllable power Pc as below. 
c
1
=
 
¦tm j
j
P P s                                                                        (3) 
Then its upper limit is set as (4). 
c_max = tP m P                                                                        (4) 
By studying Pc and its two limits one can assess the dynamic frequency response ability of the HVAC 
units. As more units need to be turned on to reduce system frequency, deficit between Pc and its upper limit 
represent the load increment needed for balancing in the system. Thus, it represents the frequency reduction 
ability of the HVAC units. Similarly, deficit between Pc and its lower limit represent the frequency 
increment ability. 
4. Case Study 
In this section we verify the effectiveness of the frequency regulation method based on the 
SIMULINK/MATLAB platform. The system frequency control model is shown in Fig.4, which is built 
based on a simplified a British Grid Model. 50000 HVAC units with the same power and initial set-point 
are used. Initial room temperatures are uniformly randomized. A wind turbine is used to simulate the power 
disturbance of intermittent renewable energy sources. 
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Fig. 4. System frequency control model 
Fig.5 shows the system frequency variation both with and without the control method. 
 
 
Fig. 5. System frequency deviation 
The probability distribution shown in Fig.6 presents the difference between the two situations in a more 
direct way. 
 
Fig. 6. Probability distributions of the system frequency 
Power generation of conventional generators is shown in Fig.7. 
 Xinyang Rui et al. /  Energy Procedia  88 ( 2016 )  382 – 388 387
 
Fig. 7. Power generation of conventional generators 
From the simulation results, the following conclusions can be drawn. 
(1) Frequency instability is alleviated under the proposed control strategy. Probability distribution 
directly shows that system frequency is closer to the rated value (50Hz) with control method. 
(2) Without the proposed frequency control method, variation of conventional generators’ power 
production has to be relatively massive as to balance the instability of renewable energy sources. It is 
alleviated due to the control method which is beneficial to their efficiency. 
However, Fig.5 also showed that in some periods of the control process, frequency deviation is even 
larger under the proposed strategy. This is mainly because of the fact that unlike Energy Storage Systems 
(ESS), TCAs cannot directly change the power consumption and have to wait until temperatures reach the 
limits to change the on/off status. Yet, the rising or falling of temperatures may take some time and is 
incapable of following the change of system frequency. This lag has a negative impact on the effectiveness 
of the strategy and may cause secondary disturbance. 
5. Conclusion 
This paper proposed a dynamic frequency regulation strategy of TCAs in order to alleviate the frequency 
instability caused by intermittent renewable energy sources in the power system. The simulation results 
proved the effectiveness of the strategy. Moreover, the results showed that TCAs came across as a valuable 
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tool for mitigating the power imbalance caused by intermittent renewable generation. Operational 
constrains posed as limits of TCAs’ capability to provide this kind of service.  
Future work is needed to study the proper situations for application of the strategy in which it can provide 
the most satisfactory regulation result. In addition, a control system, for example a multi-agent system needs 
to be developed for the implementation of the control strategy in actual construction. 
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